Introduction
HIV-1 infected patients are at risk for several intraocular diseases. 1 The most common complication is retinal microvasculopathy, resulting in retinal haemorrhage and infarcts of the nerve fibre layer, forming cotton-wool spots. 2 The vasculopathy appears to be due to a direct effect of the virus, independent of opportunistic infection. Indeed, the vascular pathology may be a result of infection of retinal endothelial cells. 3 Complications due to opportunistic infections include retinitis due to cytomegalovirus, toxoplasmosis and acute retinal necrosis due to herpes simplex or herpes zoster infection. Other ocular disorders in HIV disease include neoplasms, particularly Kaposi's sarcoma, neuro-ophthalmic manifestations, and in some instances uveitis. [4] [5] [6] [7] By contrast, uveitis is relatively common in patients infected with HTLV-I. 8, 9 Uveitis also occurs in rabbits experimentally infected with HTLV-I 10 and in cats infected with feline leukaemia virus. 11, 12 A preliminary report suggests that lens opacities may also develop in patients infected with HIV-1. 13 Transgenic mice bearing single or multiple HIV-1 genes have proved useful in defining the tissue-specific pathological role of HIV-1 gene products, independent of immune deficiency or immunosuppression. In this regard, it is notable that cataracts have developed in mice transgenic for HIV-1 as reported previously. Iwakura et al 14 described a mouse transgenic for a full-length HIV-1 genome, with a deletion in pol, and noted the development of cataracts. p24 Gag protein was detected in the lens fibre cells and the retina, and the authors ascribed the pathogenesis of cataracts to this protein. More recently, cataracts have been described in mice transgenic for the HIV-1 protease under the control of the lens alpha A-crystallin promoter. 15, 16 The authors concluded that proteolysis of lens proteins, presumably induced by the viral protease, was responsible for cataract formation. Most recently, Dickie reported on cataracts occurring in five transgenic lines of mice derived from four constructs: intact HIV-1 proviral DNA under the control of the HIV-1 long terminal repeat (LTR) or a chimeric HIV-1/MMTV LTR, a gag-pol deleted genome and the Nef gene. This author showed that cataracts occurred in mice which expressed HIV-1 RNA in the eye and Nef protein within the lens. He noted lens opacity and architectural disruption in T26 mice bearing the gag-pol deleted genome. Whereas normal lens showed an equatorial distribution of anterior epithelial cell layer and parallel lens fibres, in the transgenic lens the epithelial cells were displaced peripherally, and both the lens fibres had lost orientation. Increased apoptosis was present in lens tissue. Dickie concluded that Nef perturbed lens cell terminal differentiation and that this resulted in cataract formation.
The above reports have implicated different HIV-1 proteins in the pathogenesis of cataracts in transgenic mice. We therefore felt that it would be productive to characterise in greater detail the histopathology of the cataracts and other ocular pathology occurring in the T26 mice with a gag-pol deleted HIV-1 genome, and to provide a complete description of the lens abnormalities and associated ocular pathology.
Materials and methods

Transgene
The transgenic line T26 has been described previously. 18 This line contains a genome termed d1443 and represents a gag-pol deleted genome ( Figure 1 ) derived from pNL43 under the control of the viral LTR and injected into FVB/N oocytes. Eight founder mice were obtained and seven transgenic lines were established; only one line manifested cataracts. Transgene RNA, assessed by Northern analysis, is expressed abundantly in muscle and skin and to a lesser extent in kidney, lymphoid tissue, intestine and eye. Other phenotypes included focal glomerulosclerosis, 19 cutaneous papillomas 20 and, in the homozygote, wasting and early death. 21 Transgene status was determined by Southern blotting, as described previously. 19 Embryonic stages were determined by assigning the day of the vaginal plug as 0.5. Mice were cared for according to NIH animal care guidelines and were killed by carbon dioxide inhalation followed by cervical dislocation. Care adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Northern analysis
Total RNA was prepared from eyes by homogenising in guanidine and centrifuging through a caesium chloride cushion. Northern analysis was performed using total RNA. After transfer to a Nytran membrane (Schleicher and Schuell, Keene, NH, USA) the blot was probed with a labelled cDNA (GM91, including the HIV-1 nef gene, deposited by John Rossi with the AIDS Reference Reagent and Repository Program (ARRRP), Rockville, MD, USA).
Histology
Embryonic eyes were removed and fixed in 10% neutral buffered formalin and embedded in glycol methacrylate. Newborn and adult eyes were removed, fixed in 4% glutaraldehyde in phosphate buffer for 30 min at 4°C and then fixed in 10% neutral buffered formalin overnight at room temperature. Paraffin sections (4 m) and glycol methacrylate plastic sections (2 m) were made through the pupillary-optic nerve plane and stained with haematoxylin and eosin.
Immunohistochemistry
Eyes were fixed in methanol Carnoy's solution (60% methanol, 30% chloroform, 10% glacial acetic acid) overnight at room temperature. After paraffin embedding, 4 m sections were cut. Histochemical detection of HIV-1 envelope protein was performed exactly as previously described, 20 using a polyclonal sheep anti-gp120 antiserum (developed by M Phelan and obtained from ARRRP). This antiserum or its control, normal sheep serum, were diluted 1:2000 and applied to the sections for 1 h at 37°C. Bound antibody was detected using a commercial streptavidinperoxidase kit (Zymed, Burlingame, CA, USA).
Apoptosis detection
Apoptotic cells were detected with the TUNEL (terminal deoxynucleotidyl transferase end-labelling) technique, using a TACS BlueLabel Detection kit (Trevigen, Gaithersburg, MD, USA) according to the manufacturer's protocol. This approach labels free 3Ј-hydroxyl DNA ends, which are numerically increased in cells undergoing apoptosis. Briefly, formalin-fixed, paraffin-embedded tissue sections were deparaffinised and rehydrated. The slides were then treated with proteinase K (1 mg/ml for 3 min) to increase tissue permeability, and the slides exposed to 2% H 2 O 2 for 5 min to quench endogenous peroxidases. The tissue sections were in situ labelled with a biotin-labelled dNTP mix and terminal deoxynucleotidyl transferase (TdT) in the presence of MnCl 2 while incubated at 37°C. The reaction was terminated by incubation with the stop buffer as supplied by the manufacturer. Streptavidin-horseradish peroxidase conjugates were added on the tissue, followed by a substrate yielding a blue colour. The sections were then counterstained with Red Counterstain C, mounted and photographed.
Eye
Results
Transgene expression
T26 mice consistently showed transgene expression in the eye. Thus in a T26 mouse killed at 11 days of age, transgene RNA was present in skin, eye, thymus, skeletal muscle and colon (Figure 2 ). In these tissues, 2 kb multiply-spliced and 4 kb single-spliced RNA predominated; 7 kb unspliced transgene RNA was also detected.
Ocular clinical presentation
The T26 transgenic line has been maintained for over 8 years and has demonstrated a stable ocular phenotype during that time. Cataracts were present by embryonic day 14.5 (E14.5) and were present in 100% of both heterozygotes and homozgyotes. Both genotypes also manifested mild microphthalmia. Cataracts were consistently present when the T26 line was bred on to other genetic backgrounds, including C57/Bl6. In addition, cataracts were present when the T26 mouse was bred onto the FVB/N athymic nude mouse background.
Histology
Cataract formation in the HIV-transgenic mice was identified as early as E14.5. This was characterised by the malformation or impaired formation of fetal lens Figure 2 Northern analysis of transgene expression. Total RNA was prepared from the following organs of an 11-day-old T26 mouse and was electrophoresed in the following amounts: skin (25 g, SK), skeletal muscle (25 g, Mu), colon (25 g, Co), kidney (25 g, Ki), eye (15 g, Ey) and thymus (13 g, Th). An HIV-1 cDNA was used to demonstrate the expression of HIVtransgene RNA, with sizes of 7 kb, 4 kb and 2 kb RNA (indicated by arrows). Specific viral RNAs are particularly abundant in skin and eye.
Eye nucleus (Figure 3b ). Cataractous changes were extensive, with abnormal formation of fetal nucleus and poor closure of lens suture lines (Figure 3d ). Lenses with relatively normal contours showed only minimal cortical degeneration, while those that were more spherophakic exhibited cortical cataractous changes of vacuoles and globulin formation, liquefaction, and fragmentation (Figure 3f, h) . Mild iridocyclitis and vitritis were also noted in adult transgenic mice, with infiltration of mononuclear cells consistent with lymphocytes and monocytes (Figure 4a,  b) . In contrast, wild-type mice demonstrated normal lens architecture, forming acellular homogeneous lens nuclei and cortex in both the fetus and adult (Figure 3e, g ). The remainder of the eye was normal except for congenital retinal degeneration, which is characteristic of the albino FVB/N mouse (data not shown).
Immunolocalisation of HIV protein
Using immunohistochemistry and antiserum to gp120 HIV-1 envelope protein, we localised gp 120 protein to the cytoplasm of lens epithelial fibre cells in newborn transgenic mouse lens, where it is detected as deposits of intense red stain (Figure 4c, d) . The remainder of the eye did not show specific staining for gp 120. The lens of wild-type mice, exposed to specific gp 120 antiserum, showed no staining (Figure 4e ).
Apoptosis
In adult wild-type mice, epithelial and fibre cells at the periphery of the lens rarely labelled with the TUNEL method, indicating that few or no cells were undergoing apoptotic cell death (Figure 4g ). By contrast, the lens from an adult T26 mouse showed a markedly increased number of apoptotic lens epithelial and lens fibre cells, especially in regions of the lens affected by cataractous changes (Figure 4f ). In the absence of terminal deoxynucleotidyl transferase enzyme, there was no tissue staining ( Figure 4h ).
Discussion
HIV-transgenic mice provide a useful model to dissect the pathogenesis of congenital cataracts associated with viral infections occurring during fetal development. In normal lens development, karyolysis leads to the disappearance of nuclei in all but the outer cortical fibres of the lens. In certain viral infections, there is a delay or absence of normal karyolysis and the abnormal survival of the lens epithelial and fibre cells is associated with the formation of congenital nuclear cataracts. The most widely studied example of viralinfection-associated cataract formation occurs following congenital rubella infection. 22 The rubella virus is thought to integrate into the genomic DNA of lenticular cells, and viral gene expression then interferes with karyolysis. In patients with congenital rubella infection, the lens exhibits spherophakia, with the most marked opacification located centrally. The lens nucleus is sclerotic and the nuclei of the lens epithelial cells are pyknotic. By contrast, the normal lens is free of cell nuclei and appears homogeneous.
The present model shares some important similarities with these observations from human pathology, including increased lens cell number during fetal life and subsequently increased apoptotic cell death. Thus HIV-1 gene expression in the transgenic mouse appears to perturb fetal lens epithelial development and results in the development of the congenital nuclear cataracts in the microphthalmic eye. Abnormalities of lens epithelial cell development appeared as early as E14.5. The lens exhibited a malformed fetal nucleus and poor closure of the lens suture lines. These developmental abnormalities led to congenital nuclear cataracts and indeed the cataracts were macroscopically visible by at least E18.5. In adult animals, there was a range in cataract severity, with the more severely affected mice having lenses with marked vacuolation, liquefaction, fragmentation and apoptosis. Mild iridocyclitis and vitritis were also noted in adult transgenic mice. HIV RNA was abundantly expressed in the eye, and at least one HIV protein, gp120 envelope protein, was present within the lens epithelial cell. We report here several pathological features in this model that have not previously been reported: (1) the cataracts begin in a nuclear location within the lens and subsequently develop as cortical cataracts; (2) uveitis is also present; (3) lens epithelial and fibre cells express HIV gp120 protein; and (4) epithelial and fibre cells exhibit enhanced apoptosis. Taken together, these findings suggest that HIV gene products induce toxicity to the lens epithelial and fibre cells and that this process, initiated during embryogenesis, gives rise to congenital nuclear cataracts.
There are several limitations of the present study. were incubated with polyclonal anti-gp120 antiserum, detected with immunoperoxidase technique. gp120 protein is expressed within lens epithelial and fibre cell cytoplasm, as shown by a dense red cell-associated deposit which is entirely lacking from wild-type mouse sections. Sections of adult T26 mouse eye (f, h) and wild-type mouse eye (g) were processed for terminal deoxynucleotidyl transferase end labelling to detect apoptotic cells in the lens. As a control, T26 mouse eye was processed in an identical fashion but terminal deoxynucleotidyl transferase was omitted (h). Increased numbers of apoptotic cells were present in transgenic adult mouse eye within the lens cortex (f) compared with wild-type mouse eye (g), where no apoptotic cells are shown. Magnification: (a) ϫ40, (b) ϫ20, (c) ϫ62.5, d-e ϫ100, f-h ϫ20. Comparisons between the phenotype of HIVtransgenic mice and the syndromes seen in patients with HIV-1 infection must be made with caution. HIV-1 has been reported to infect retinal cells in culture 23 and in vivo. 24 In the mouse, the lens epithelial and fibre cells are permissive for transgene expression under the control of the HIV-1 LTR. 25 Our studies confirm that lens epithelial and fibre cells express HIV-1 proteins. It is important to note that ectopic protein expression in the lens is insufficient to produce cataracts or other pathology in all cases, as shown by the normal histology present in the eyes of mice expressing HIV-1 Tat under the control of the alpha A-crystallin promoter. 26 It is important to note that cataracts have not been explicitly associated with HIV-1 infection in human patients. A preliminary report does note an increased prevalence of lens opacities in adult patients with HIV-1 infection, but these findings have not been fully defined. 13 We observed a low-grade uveitis in HIV-transgenic mice. HIV-1 infection is rarely associated with uveitis, but both anterior and posterior uveitis have been reported. 6, 7 Recently, immune recovery uveitis has been recognised in AIDS patients who have received highly active anti-retroviral therapy. 27 This syndrome includes transient ocular inflammation, including vitritis and anterior uveitis. Immune recovery uveitis is thought to result from restoration of immune function and consequent immunological recognition of opportunistic infections of the ocular tissues. Our data suggest the alternative possibility that HIV-1 viral products contribute to the process of uveitis and cataract formation.
The HIV-1 gene responsible for the ocular pathology Eye described here cannot be identified with certainty. It has been suggested the HIV-1 protease gene, when expressed in transgenic mice, induces cataracts, 28 but the HIV-1 protease gene is absent from the T26 transgenic mice used in the present study. We have localised gp120 to lens epithelial and fibre cells in T26 mice. Earlier studies with a variety of HIV-transgenic mice have localised p24 Gag protein, HIV protease and Nef protein to these cells. Dickie 17 attributed cataract formation in the HIV-transgenic mice reported on here to the presence of Nef protein within the lens. In mice transgenic for the HIV-1 nef gene alone, this author described a small, central lens opacity which was most prominent in the lens of newborn mice and which faded with age, leaving only a mild persistent opacity. Uveitis was absent from this model. By contrast, the cataracts in the T26 mouse progressively enlarge and increase in opacity with age, and uveitis is also present. These differences suggest the possibility that other HIV-1 proteins, such as gp120, may modify the phenotype. Further studies of cataract formation in transgenic models may extend our understanding of congenital and acquired cataracts in human patients.
